Introduction
Transition metal complexes of groups 8 -11 have a variety of interesting and useful roles in organometallic chemistry and catalysis. Amongst these species, transition metal hydroxide complexes have found application in catalysis and small molecule activation. Spectroscopic studies of pincersupported nickel and palladium complexes have allowed the quantification of the electron donating properties of a range of anionic ligands, including hydroxide, 1 showing that hydroxide is somewhat similar to bromide and chloride in this respect, but less electron donating than iodide or amide.
However, the range of reactivity that is observed from this simple anionic ligand is varied and exciting.
In addition, they have been implicated in reactions such as Suzuki-Miyaura cross-coupling reactions, where a palladium or nickel hydroxide complex is formed in situ and transmetalates more rapidly with a boronic acid than a metal halide complex transmetalates with a boronate. 2, 3 The most common methods by which these species are prepared are (i) halide replacement using a metal hydroxide salt and (ii) the reaction of a complex with a highly basic ligand, such as N(SiMe3)2, with water. Late transition metal hydroxide complexes tend to exhibit several common reactivity patterns. Firstly, the relatively basic hydroxide ligand (pKa of H2O in DMSO = 33) 4 can deprotonate many reagents with relatively acidic C-H bonds, such as alcohols, acetylenes, fluoroarenes, and so forth. Metal hydroxide complexes are often used as starting materials for the preparation of silyloxide complexes. 5 Secondly, it is often possible to achieve insertion of molecules such as CO2 into the metal-oxygen bond. Thirdly, transmetallation from, for example, boronic acids is often a robust and general way to use hydroxide complexes for the generation of new organometallic complexes.
This Review covers much of the progress in this field over the past decade or so; Roesky and co-workers published a detailed review in 2006, 6 and so this manuscript considers the primary literature since then. We will consider the synthesis, properties, and reactions of each transition metal hydroxide complex, with a particular focus on their relevance to or promise in homogenous catalysis.
Group 8: Iron, Ruthenium, and Osmium

Iron
There are relatively few known well-defined iron hydroxide complexes, and all are prepared using methods that involve the presence of water. The complexes are most often polynuclear species with bridging hydroxyl ligands, and are typically prepared by the reaction of iron complexes with water.
[Fe(Cp')(N(SiMe3)2)] reacts with degassed water, in (Me3Si)2O, to form the trinuclear complex [Fe(Cp')(µ-OH)]3 (1) (Cp' = 1,2,4-tri(tert-butyl)cyclopentadienyl) (Scheme 1 (a)). 7 The product is a high where X = OH (3), PPh2, or OPPh2) (Scheme 1 (c)). It was proposed that the oxygen atom was obtained from adventitious air in the THF solvent; the addition of water led to an increased yield of the hydroxide complex. 9 Complexes based on tris(pyrazolyl)borate and pyridinediimine ligands have been prepared in a similar way (Scheme 1 (d), (e)).
10
Scheme 1. Synthesis of iron hydroxide complexes.
Iron(II) hydroxide complexes have been implicated as intermediates in ketone hydrosilylation. 11 An iron(II) complex with a Cp-tethered NHC underwent reaction with potassium tert-butoxide to form an unstable alkoxide complex (Scheme 2); this in turn reacted with water present in the THF solvent to form a compound consistent with hydroxide species 4. The putative hydroxide complex was also prepared by reaction of 5 with potassium hydroxide in THF. Unfortunately, a clean sample could not be obtained for full characterisation, so the monomeric nature of this species cannot be confirmed.
Interestingly, 5, which is inactive for hydrosilylation, does not undergo ligand exchange with KO t Bu.
Scheme 2. Proposed hydroxide intermediate in iron-catalysed hydrosilylation.
Ruthenium
Ruthenium hydroxide complexes have been applied in a number of stoichiometric studies and in various catalytic applications. For example, Yi has applied a ruthenium cluster [(PCy3)(CO)RuH]4(μ4-O)(μ3-OH)(μ2-OH) in catalytic applications such as alcohol oxidation and dehydrogenation. 12, 13 [(Ru(PMe3)3)2(µ-OH)3] + has been employed in E-selective alkyne dimerization reactions 14 and in nitrile hydration. 15 Ruthenium hydroxide intermediates have been implicated in other nitrile hydration reactions, 16 and in the dehydrogenation of methanol. 17 Several dimeric ruthenium complexes with bridging hydroxide ligands were prepared from the reaction of the corresponding chloride complexes with aqueous base, and were applied in the reduction of alkynes using alcohols as the hydrogen source (Scheme 3). 18 Stoichiometric reactions of these hydroxide species with chloroform led to the corresponding chloride complexes, presumably due to reaction with traces of HCl present, while reaction with alcohols or LiBHEt3 led to the formation of ruthenium hydride species. Ruthenium and osmium hydride complexes that react with one equivalent of water to form hydridohydroxide species.
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The ligand also participates in these reactions, and becomes protonated (Scheme 4). In the solid state, the ruthenium complex exhibits hydrogen bonding to water in the unit cell, with two hydroxide molecules each hydrogen bonding to the same pair of water molecules. The addition of an extra equivalent of water leads to hydrogen bonding between the water and the hydroxide and NH2 groups.
Scheme 4.
Reaction of ruthenium and osmium hydride complexes with water.
Half-sandwich ruthenium hydroxide complexes 6a and 6b bearing NHCs have been prepared by salt metathesis and been shown to be capable of catalysing the racemisation of chiral secondary alcohols (Scheme 5). 21 The synthetic route is straightforward and the compounds were fully characterised; X-ray crystal structures confirmed their monomeric structure. However, these species 
Osmium
A number of osmium hydroxide complexes have been reported, in addition to the species studied by Morris, 20 and appear to be rather more common than their ruthenium and iron analogues.
Tp-supported osmium dihydroxide complexes were prepared from the reaction of the corresponding acetate complex with sodium hydroxide, and characterised by X-ray crystal diffraction analysis (Scheme 6). 23 Experiments with D2O led to rapid exchange of the proton, while the use of Na 18 OH confirmed that reaction took place via displacement of the acetate ligands rather than via hydrolysis of the acetate ligands; i.e. there is formation of a new Os-O bond and the release of acetate, rather than nucleophilic attack at the acetate carbonyl moiety by water.
Scheme 6. Osmium hydroxide complexes.
A series of arene-bearing osmium hydroxide complexes have been evaluated for use as anticancer agents. These were formed from the in situ hydrolysis and deprotonation of the corresponding chloride complexes (Scheme 7). 24 Values for pKa* were found to be 7.3 -7.8. NHC-bearing Os(II) complex 7 was prepared by salt metathesis from the corresponding chloride complex, and its diverse reactivity was studied extensively (Scheme 9). 26 The hydroxide species could be converted to the dihydride complex by reaction with sodium borohydride and methanol, or to the trihydride complex by reaction with hydrogen. 7 was shown to be active in transfer hydrogenation reactions; the basic hydroxide ligand was capable of deprotonating alcohols to form alkoxide complexes, of which some examples have been isolated and characterised. In the case of isopropanol, spontaneous β-hydride elimination occurs to form a hydride complex with acetone coordinated. 7 has also been applied to the alkylation of arylacetonitriles and methyl ketones, 27 and the hydration of nitriles to amides. A trinuclear (dppf)osmium(carbonyl) complex with bridging hydroxide ligands has been reported to result from the reaction of a complex with two bridging hydrides with triphenyl tin, in the presence of dppf, albeit in low yield (8%) as a component of a complex mixture of products. Rhodium hydroxide complexes have been used for the catalytic hydrothiolation of alkynes. 36 The dimeric complex [Rh(µ-OH)(COE)(NHC)]2 (9) was prepared by salt metathesis from [Rh(µ-Cl)(COE)(NHC)]2, and was converted to [Rh(µ-OH)(HCCH)(NHC)]2 (10) by reaction with acetylene (Scheme 11 (a)). Both hydroxide complexes were active in hydrothiolation, but the addition of pyridine had a significant beneficial effect on both conversion and selectivity (α vs β). A series of sulfide intermediates could be prepared by reaction of 9 with benzyl sulfide (Scheme 11 (b)).
Scheme 11. Synthesis and reactions of dimeric rhodium(I) hydroxide complexes. 36 A series of well-defined [Rh(OH)(COD)(NHC)] complexes were prepared either from [RhCl(COD)(NHC)] and caesium hydroxide, or in a one-pot procedure from [Rh(µ-Cl)(COD)]2, free NHC, and caesium hydroxide (Scheme 12 (a)). 37 Reactivity studies have shown that these species undergo transmetallation with arylboronic acids to form well-defined [Rh(Ar)(COD)(NHC)] species; the catalytic 1,4-addition of arylboronic acids to α,β-enones was also demonstrated (Scheme 12 (b)).
Transmetalation was most rapid for the ICy-bearing complex (11a), as was the catalytic transformation. Hydroxide complexes 11a -11c were also used as precursors to rhodium fluoride complexes (by reaction with KHF2 in THF) or rhodium bifluoride complexes (by reaction with NEt3.3HF) (Scheme 12 (c)).
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Scheme 12. Synthesis and application of NHC-bearing rhodium hydroxide complexes. 37, 38 Heteropolymetallic complexes have been prepared using rhodium and iridium hydroxide complexes as starting materials. These react with palladium or platinum di(hydrosulfido) complexes to form species such as 12. . 41 A series of iridium(I) hydroxide complexes bearing NHC ligands has been prepared, and their reactivity has been studied systematically. 42 The hydroxide complexes were prepared in a manner analogous to that of the corresponding rhodium(I) hydroxide complexes (see Scheme 12), although some water was necessary to ensure full conversion of the chloride complex to the hydroxide (Scheme 14 (a)). 37 These hydroxide complexes underwent a number of reactions with sufficiently acidic C-H and E-H bonds (E = O, N) (e.g. Scheme 14 (b)), and with silanes and boronic acids (Scheme 14 (c)). In addition, these species can be transformed into the corresponding fluoride or bifluoride complexes (for the analogous reactions with rhodium(I) hydroxides, see Scheme 12 (c)). 38 Iridium(I) hydroxides, and some alkoxide and amide derivatives, undergo rapid and reversible insertion of CO2 into the iridium-oxygen bond, forming carbonate and carbamate derivatives; 43 in the case of the parent hydroxide, a nuclear iridium carbonate species was formed (Scheme 14 (d)). The use of 13 CO2 demonstrated that, under an atmosphere of CO2, these complexes undergo rapid and reversible insertion/de-insertion of CO2 into the iridium-oxygen or iridium-nitrogen bond. Subsequent computational studies have elucidated the mechanism of this reaction for these and related complexes, confirming that these proceed via insertion followed by an acid/base reaction between an iridium hydrogen carbonate and the iridium hydroxide. 44, 45 Iridium(I) hydroxide complexes are active for the isomerisation of allylic alcohols to ketones, albeit at relatively high temperatures. Piers has reported an iridium hydroxide complex supported by a PCP ligand that undergoes reversible dehydration to form the bridging oxo-species. 49 Complex 14a was prepared by heating the corresponding chloride complex in wet THF in the presence of caesium hydroxide (Scheme 15 (a)).
Applying a vacuum led to reversible dehydration to the dimeric oxo-complex; the analogous complex 14b with bulkier P-substituents did not undergo dehydration. Complex 14a and the oxo-complex both underwent reaction with phenols to form the corresponding phenoxide complex (Scheme 15 (b)). Scheme 18. Reactions of NHC-nickel complexes with molecular oxygen. [52] [53] [54] [55] Nickel hydroxide complexes have been implicated in nickel-catalysed cross-coupling reactions, 3 in much the same way as it is now believed that palladium hydroxide complexes are the key intermediates in palladium-catalysed Suzuki-Miyaura reactions. 56 The reaction between an isolated nickel hydroxide complex and a boronic acid was demonstrated to occur more rapidly than the reaction between the analogous nickel halide complex and a pre-formed boronate reagent.
A nickel hydroxide complex supported by a PCP ligand has been prepared by salt metathesis from the corresponding nickel chloride, and by reaction of the amide complex with wet THF (Scheme   19 (a) ). 57 The amide complex was in turn prepared by salt metathesis using NaNH2. While the amide complex was studied in more depth, a number of reactions were carried out with the hydroxide species, such as transmetalation with silanes to form cyanide and azide complexes (Scheme 19 (b) ).
The hydroxide species can also trap CO2 (even at relatively low pressures), leading to a nickel carbonate complex (Scheme 19 (c) Tris(pyrazolyl)borate-supported nickel hydroxide complexes have also been used in tandem with an iridium complex for the formation of n-butanol from ethanol.
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Palladium
Palladium complexes with C,N-ligands are readily prepared and can be used as precursors for other complexes. 62, 63 For example, benzoylpyridine-supported palladium acetate dimers are converted to the corresponding dimeric hydroxide by reaction with tetra(n-butyl)ammonium hydroxide. 64 This can then react with an NHC to form well-defined monomeric palladium hydroxide species (Scheme 20).
Other derivatives that have been prepared from these hydroxide complexes have shown luminescence behaviour that could potentially be harnessed in a number of applications. 65, 66 Scheme 20. Synthesis and reactivity of benzoylpyridine-supported palladium hydroxide complexes. 64 Palladium hydroxide complexes supported by PCN ligands have been found to undergo 'rollover' C-H activation processes (Scheme 21). 67 A dimeric complex with a bridging hydroxide ligand was formed by salt metathesis from the monomeric triflate species; this then underwent further reaction to form the C-H activated species 18. Scheme 21. Synthesis and reactivity of a palladium hydroxide complex supported by a PCN ligand. 67 Complexes of the form [PdCl(cinnamyl)(NHC)] are widely used in catalysis, but these can undergo reaction with caesium hydroxide to form hydroxide bridged dimers in which the allyl ligand rearranges from η 3 to κ-coordination (Scheme 22). 68 These remain active for transformations including Buchwald-Hartwig and Suzuki-Miyaura cross-coupling reactions. When these complexes were placed under a hydrogen atmosphere, the allyl ligand was hydrogenated to n-propylbenzene; [Pd(NHC)2] complexes were also identified amongst the products.
Scheme 22. Synthesis of hydroxide-bridged palladium dimers. 68 While salt metathesis is the most common route to palladium hydroxide complexes, these can also be prepared by reaction of a suitable precursor with oxygen. [Pd(P Scheme 23. Oxidation of a palladium(0) complex with oxygen to form a C-H activated product. 69 The majority of known palladium hydroxide complexes feature palladium in the +2 oxidation state, but examples of palladium(IV) hydroxide complexes have also been reported. An example of such a species has been prepared from the reaction of a palladium(II) complex with oxygen (Scheme 24). 71 This was proposed to occur via the formation of an intermediate peroxide species. Further heating of the hydroxide complex (110 °C in DMSO) led to C-O reductive elimination and the formation of 2-(tertbutyl)phenol. These complexes were supported by a flexible amine ligand ("Me3tacn") that is bidentate in the palladium(II) precursor, but changes to become tridentate in the palladium(IV) species, which may explain the relatively facile oxidation of the palladium centre.
Scheme 24. Synthesis of, and reductive elimination from, a well-defined palladium(IV) hydroxide species. 71 Like many metal hydroxide species, palladium hydroxide complexes have been demonstrated to be competent to activate molecules with sufficiently low pKa. One of the most promising studies was the activation of fluoroform (HCF3) using a [Pd(OH)(Ph)(dppp)] in the presence of P n Bu3; 72 the added phosphine was essential for the reaction to occur, but catalytic quantities could be used (15 mol%) (Scheme 25). In addition, the reaction was acutely sensitive to the choice of ligand, with dppp giving good yields, dppe providing some product, and other phosphines yielding disappointing results. This fluoroform activation reaction could be envisioned as key step in a putative catalytic trifluoromethylation reaction using readily-available fluoroform as the CF3 source.
Scheme 25. Activation of fluoroform using a palladium hydroxide complex. 72 There are many examples of well-defined palladium hydroxide complexes, but possibly the most important role of such species is as intermediates in palladium-catalysed Suzuki cross-couplings. This area has recently been reviewed. 56 Recently, key intermediates in which the palladium hydroxide species has activated the boronic acid before transmetallation have been identified and characterised spectroscopically (Scheme 26).
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Scheme 26. A pre-transmetallation intermediate in Suzuki-Miyaura cross-coupling. 73, 74 This mode of reactivity has been exploited to achieve Suzuki-Miyaura cross-coupling reactions under base-free conditions. 75 Pd-PEPPSI-IPr undergoes reaction with potassium hydroxide to form complex 19, which shows comparable activity to Pd-PEPPSI-IPr and [PdCl(µ-Cl)(IPr)]2 under the same reaction conditions (Scheme 27). However, under base-free conditions, only xx shows catalytic turnover. This may be a viable and useful method to achieve the Suzuki-Miyaura cross-coupling of substrates that might be somewhat sensitive to base. 
Platinum
Platinum hydroxide complexes are relatively common, and have been reviewed recently, 76 so only selected examples of such complexes are discussed here.
Extremely bulky diimine ligands have been used to allow the isolation of platinum (IV) hydroxide species. The reaction conditions used allowed the selective preparation of the mono-or dihydroxide species (Scheme 28). 77 The use of a less bulky and rigid ligand, in which methyl groups were present on the imine backbone rather than a peri-naphthalene group, led to decomposition when the synthesis of the hydroxide complex was attempted.
Scheme 28. Synthesis of mono-and di-hydroxoplatinum(IV) species.
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A terpy-supported platinum(II) methylperoxo complex was found to undergo reaction to form formaldehyde and a platinum(II) hydroxide species (Scheme 29).
Scheme 29. Elimination of formaldehyde from a platinum(II) methylperoxo complex. 78 Platinum hydroxide complexes might play a role in a number of putative catalytic cycles. The reductive elimination of methanol from [PtMe3(OH)(dppb)] has been demonstrated, for example, and this might conceivably comprise part of a catalytic cycle for methane oxidation to methanol.
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Group 11: Copper, Silver, and Gold
Copper
Of the known and well-defined copper hydroxide complexes, species of the form [Cu(OH)(NHC)] are amongst the most widely studied. 80 These can be prepared from [CuCl(NHC)] by salt metathesis using CsOH (Scheme 30). These species will react with sufficiently acidic CH bonds to form a variety of new compounds. Substrates including MeNO2, dimethyl malonate, 1,2,4,5-tetrafluorobenzene, terminal alkynes, alcohols, thiols, and secondary phosphines all undergo reaction (Scheme 29). 81 The reaction with cyclopentadiene yielded the half-sandwich complex [Cu(Cp)(NHC)]. Based on the pKa range of the groups that undergo reaction, it appears that species with pKa up to ca. 27 -30 are viable reagents.
As well as exhibiting deprotonation reactivity, these species will undergo transmetallation with and the process has been investigated using DFT calculations. 86 Copper hydroxide complexes have been used (catalytically) in tandem with palladium catalysts to achieve the cross-coupling of arenes with aryl halides. 87 The copper complex activates the arene, which then undergoes transmetallation with palladium to complete a cross-coupling catalytic cycle. 
As well as applications in catalysis, [Cu(OH)(NHC)] complexes have been used as intermediates
en route to a number of other functional and useful complexes. These include luminescent metal complexes that are promising for lighting and display applications, 93, 94 and bis(NHC) complexes with applications in catalysis. 95, 96 [Cu(OH)(NHC)] complexes will activate triazole to form [Cu(µ-triazole)(NHC)]2 species which were used for the transfer hydrogenation of carbonyl compounds. starting materials. 96 One example was reported by Liu and co-workers, and was characterised by NMR spectroscopy and X-ray crystallography (Scheme 33); 100 this was prepared directly from the imidazolium salt plus silver(I) acetate and potassium hydroxide.
Scheme 33. Synthesis of a silver(I) hydroxide complex.
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Gold
The chemistry of gold hydroxide complexes has been widely explored and developed in recent years, particularly for species such as, or derived from [Au(OH)(NHC)]. 81, 101 The first complex of this type was reported in 2010, and was prepared by salt metathesis using NaOH, KOH, or CsOH (Scheme 34).
Further complexes of this type have since been reported, although those with less bulky NHC ligands tend to be air sensitive. 102, 103 In addition, a number of alternative routes to these complexes have been developed, but the key step is usually the exchange of a halide ligand for a hydroxide ligand. [104] [105] [106] However, it has been shown that [Au(OOH)(IPr)] will transfer an oxygen atom to phosphines to form [Au(OH)(IPr)] (vide infra).
107, 108
The reactivity of these complexes has been mapped out in some These digold complexes can be used as precursors to other digold species that are useful in the development of our understanding about the role(s) of digold complexes in catalysis. They undergo reaction with terminal alkynes to form σ,π-digold acetylide complexes (themselves useful catalysts), 130 and react with boronic acids to form gem-diaurated species (Scheme 38). 
Summary
This review presents and discusses a range of complexes that all bear a hydroxide ligand, and provides insight into the range of reactivity that is available and how this can be harnessed in catalysis. While the most-studied examples of late transition metal hydroxide complexes in recent times are NHC-gold compounds, much of the reactivity is common across the late transition metals. Salt metathesis remains the most common synthetic route, and the hydroxide ligand thus installed is typically a robust and rather general -within the confines of pKa limitations -method by which other groups can be installed. Recent reports of CO2 insertion into hydroxide complexes and their derivatives further enhance the scope of reactivity, and the use of boronic acids and silanes for transmetalation reactions allows the organometallic chemist to deploy this vast range of known building blocks in the quest for new, exciting, and useful complexes of the late transition metals.
